Introduction
Glucose is the major source of energy in humans, with levels in vivo determined by a balance of glucose absorption via the gut, production primarily by the liver, and utilization by both insulinsensitive and insulin-insensitive tissues (1, 2) . Homeostatic control of glucose levels involves complex interactions between humoral and neural mechanisms that work in concert to regulate tightly the balance between production and utilization to maintain a nor-mal fasting glucose. Elevations in blood glucose are diagnostic of diabetes. Type 2 diabetes mellitus (T2DM) afflicts more than 171 million worldwide and is a leading cause of kidney failure, blindness, and lower limb amputations (3) (4) (5) . Even more modest elevations in glucose concentration (so-called prediabetes) are associated with cardiovascular disease and accelerated atherosclerosis (6) . In individuals progressing toward future T2DM, the fasting glucose concentration appears to change only modestly over time until the advent of β cell dysfunction, at which point the glucose concentration increases rapidly (7, 8) . Many studies have shown that the lowering of glucose levels in individuals with diabetes can prevent or delay diabetes-related complications, providing further evidence for the damaging effects of chronic glucose elevations.
Both genetic and environmental factors contribute to the pathophysiology of T2DM (9) (10) (11) . The contributions of environmental exposures to T2DM risk are best illustrated by results from the Diabetes Prevention Program (11) and the Finnish Diabetes Prevention Study (12) , in which T2DM incidence was significantly reduced by intensive lifestyle modification. However, the contribution of genetic factors to T2DM risk is not as well understood. Recent genome-wide association (GWA) studies have identified 16 novel T2DM susceptibility loci (13) (14) (15) (16) (17) (18) , generating new insights into the genetic architecture underlying T2DM. In contrast to disease status, even less is known about genetic variation that alters specific T2DM-related quantitative traits such as glucose and insulin concentrations. As seen for T2DM, identification of genetic variants associated with T2DM-related quantitative traits is likely to require large sample sizes due to relatively small gene effect sizes. Fasting glucose concentrations have been shown to be heritable, with narrow-sense heritability estimates ranging from 25% to 40% (19) (20) (21) (22) (23) (24) . Given the central role of glucose concentration in the pathogenesis and diagnosis of T2DM and its complications, GWA for glucose concentrations provides an excellent opportunity to identify genes underlying variation in glucose concentrations that may also represent additional T2DM susceptibility loci. An example of this comes from the studies by Weedon et al., who showed by metaanalysis and large cohorts that variation in the glucokinase gene was associated with both fasting glucose and birth weight (25) .
GWA studies for T2DM and adiposity were completed by the groups undertaking the Finland-United States Investigation of Non-Insulin-Dependent Diabetes Mellitus Genetics (FUSION) (14, 26, 27) and the SardiNIA Study of Aging (24, 28) , respectively. Both studies assessed fasting glucose in their respective cohorts, allowing GWAs for fasting glucose in each study and combination of these results in a metaanalysis. The strongest signals from the fasting glucose GWA metaanalysis were from variants near genes for ATP-binding cassette, subfamily B (MDR/ TAP), member 11 (ABCB11) and glucose-6-phosphatase catalytic subunit 2 (G6PC2). This association was replicated in a series of 7 studies involving a total of 18,436 individuals (13, (29) (30) (31) (32) (33) (34) (35) , suggesting for what we believe is the first time that variation in one of these genes may play a role in the regulation of fasting glucose concentrations in humans.
Results
Subject demographics and clinical characteristics for the FUSION and SardiNIA samples are summarized in Table 1 . Because treatment for T2DM affects fasting glucose concentrations, all analyses in this report were restricted to nondiabetic subjects. Initial review of association results from both the FUSION stage 1 and SardiNIA GWA scans of a combined total of 5,088 nondiabetic individuals focused on SNPs that were genotyped in the SardiNIA study and imputed in the FUSION study. Among these, rs563694 exhibited the strongest evidence for association in both samples (SardiNIA, P = 7.6 × 10 -5 ; FUSION stage 1, P = 8.0 × 10 -4 ; Table 2 ), with a metaanalysis P value of 3.5 × 10 -7 . Given the strength of this initial association, our follow-up efforts focused on rs563694. Additional independent associations from our fasting glucose GWA study are presented in Supplemental Table 1 (supplemental material available online with this article; doi:10.1172/JCI34566DS1).
Analyses were repeated once imputation was completed in both the FUSION stage 1 and SardiNIA samples. SNP rs563694 and other SNPs in strong linkage disequilibrium (LD; defined as r 2 > 0.8 in the FUSION samples) constituted the 17 strongest association results in the combined FUSION/SardiNIA GWA for fasting glucose metaanalysis (Figure 1 ). In fact, 22 SNPs associated with fasting plasma glucose with P ≤ 1 × 10 -4 were located within a 63.9-kb region on chromosome 2 (Supplemental Table 2 ). These SNPs were located in an extended region of LD that spans 2 biologically plausible candidate genes for glucoregulation ( Figure 1 ). The first is G6PC2, also known as islet-specific glucose-6-phosphataserelated protein (IGRP). G6PC2 is part of a larger family of enzymes involved in hydrolysis of glucose-6-phosphate in the gluconeogenic and glycogenolytic pathways (36, 37) . The second is ABCB11, a member of the MDR/TAP subfamily of ATP-binding cassette transporters involved in multidrug resistance (38, 39) . Among all genotyped or imputed SNPs in this region, rs560887, which was genotyped in FUSION stage 1, and imputed and followed up by genotyping in SardiNIA, showed the strongest overall evidence for association (SardiNIA, P = 4.4 × 10 -8 ; FUSION stage 1, P = 1.7 × 10 -3 ; Supplemental Table 2) , with a metaanalysis P value of 2.8 × 10 -10 . In addition, rs853789 and rs853787, both located in intron 19 of ABCB11 and in perfect LD with each other (D′ = 1.0, r 2 = 1.0), showed strong evidence for association with fasting glucose concentrations with metaanalysis P values of 1.4 × 10 -9 and 1.0 × 10 -9 , respectively (Supplemental Table 2 ). rs853789 is located 38.3 kb from rs560887 and 27.4 kb from rs563694 and is in strong LD with both SNPs (D′ = 0.98, r 2 = 0.81 with rs560887; and D′ = 0.98, r 2 = 0.95 with rs563694). rs560887 is 10.9 kb from rs563694, is in high LD with rs563694 (D′ = 0.99, r 2 = 0.84), and is located in intron 3 of G6PC2. In contrast, rs563694 lies between G6PC2 and ABCB11 and is in extended LD with ABCB11. In both the SardiNIA and FUSION stage 1 samples, each copy of the A allele for rs563694 was associated with small increases in fasting glucose (0.064 mM for SardiNIA and 0.051 mM for FUSION stage 1; Table 2 ) that are clinically insignificant and accounted for approximately 1% of the variance in fasting glucose. Similar effect sizes were observed for rs560887 (0.089 mM for SardiNIA and 0.052 mM for FUSION stage 1).
We assessed the potential contribution of population stratification by computing the genomic control parameter (40) independently for both studies. The genomic control values were 1.01 for both FUSION and SardiNIA, suggesting that population stratification and/or unmodeled relatedness did not contribute significantly to our observed association. Analyses that included BMI as a covariate did not significantly alter the association between rs563694 and fasting glucose in the FUSION stage 1 (P = 8.1 × 10 -4 without BMI versus 9.1 × 10 -4 with BMI) and SardiNIA samples (7.6 × 10 -5 without BMI versus 3.8 × 10 -5 with BMI) independently or jointly (P = 3.5 × 10 -7 without BMI versus 1.8 × 10 -7 with BMI), suggesting the association was not a consequence of adiposity, which is known to induce insulin resistance and increase glucose concentrations (2) . The association between rs563694 and fasting glucose also remained significant after individual adjustment for each of the 10 SNPs shown to be associated with T2DM in our recent GWA studies (Supplemental Table 3 Table 4 ).
FUSION investigators genotyped rs563694 in 655 stage 2 samples and 522 additional spouses and offspring of T2DM patients included in stage 1; this SNP continued to show evidence for association with fasting glucose (FUSION stage 2, P = 2.0 × 10 -3 ; FUSION stage 1 families, P = 1.9 × 10 -5 ; see Table 2 ). The metaanalysis that combined results from the FUSION stage 1 and 2 and SardiNIA studies resulted in a P value of 5.3 × 10 -9 , surpassing standard thresholds for genome-wide significance.
We also examined the association between rs563694 and fasting glucose in 6 follow-up samples ( Table 2 ). The characteristics of these samples are summarized in Table 1 . Association between rs563694 and fasting glucose was confirmed in the Amish study (P = 4.1 × 10 -5 ); the METabolic Syndrome In Men study (METSIM; P = 1.3 × 10 -10 ), the Caerphilly study (2.6 × 10 -7 ), the British Women's Heart and Health Study (BWHHS; P = 1.2 × 10 -3 ), and Inter99 (P = 8.2 × 10 -8 ; Table 2 ), with fasting glucose concentrations increasing with each copy of the A allele in all studies. While evidence for association in the Diabetes Genetics Initiative (DGI) study was not statistically significant (P = 0.19; Table 2 ), the results show a trend in the same direction as observed in the other samples. When the results from all follow-up studies were combined in a metaanalysis of 24,046 samples, there was strong evidence for association between rs563694 and fasting glucose in both the follow-up samples (n = 18,435, P = 6.9 × 10 -26 ; Table 2 ) and in all GWA and follow-up samples combined (n = 24,046, P = 6.4 × 10 -33 ; Table 2 ). In contrast, rs563694 did not show evidence for association with T2DM in the FUSION stage 1 study (P = 0.22), the DGI GWA samples (P = 0.78), or the METSIM study (P = 0.09). Figure 2 shows the results of a metaanalysis based upon the effect size observed in each of the 8 studies. Overall, fasting glucose concentrations increased 0.065 mM (95% CI: 0.053-0.077 mM) with each copy of the major allele.
Discussion
We took advantage of GWA studies originally performed to identify susceptibility genes for T2DM (FUSION) and aging-related traits (SardiNIA) to also identify genes underlying variation in fasting glucose concentration. Both FUSION and SardiNIA initially identified rs563694 as being associated with fasting glucose levels. Given that both studies were performed in relatively homogeneous populations of mixed European descent, it is unlikely that population stratification accounted for the initial association. The estimated genomic control (40) values for FUSION stage 1 and SardiNIA were both 1.01, providing further evidence against the contribution of population stratification to the observed association.
In the SardiNIA sample, we genotyped SNPs rs560887 and rs853789 to validate the results based on imputation. The discrepancy rate per allele between the imputed and typed genotypes at these 2 SNPs was 1.4% and 2.4%, respectively, and the association result with the actual genotypes was stronger than with the imputed genotypes: P = 9.0 × 10 -10 and 2.6 × 10 -8 , respectively
Adiposity may induce insulin resistance and thus alter glucose concentrations (2) independent of the effects of the SNP on glucose concentrations per se. However, the association remained significant even when we included BMI as a covariate in the analysis, suggesting adiposity is not a major contributor to the observed association. Similarly, in the follow-up studies, the results did not change whether BMI was included or excluded as a covariate. Some known sex-specific effects, such as differences in fat distribution, could also confound our results. We found no sex-specific effect modification in the FUSION and SardiNIA samples. Also, it should be noted that we observed evidence for association between rs563694 in the METSIM and Caerphilly samples that only included men and in the BWHHS that comprised women only. Thus, the lack of a sex-specific effect in FUSION and SardiNIA is supported by the independent associations observed in these samples. Subsequent analyses of the GWA data revealed rs560887 as having the strongest evidence for association with fasting glucose in this region and suggested, based on the SNP location, that G6PC2 plays a role in glucoregulation. However, 2 additional SNPs in strong LD with rs560887 located in the adjacent ABCB11 also showed similar evidence for association with fasting glucose.
In the 7 follow-up studies, rs563694 continued to show association with fasting glucose, although marginal evidence for heterogeneity among studies was noted (Q = 14.6; P = 0.02; I 2 = 59.0%; 95% CI: 5.6-82.2%) (37) . For example, the DGI samples did not exhibit a significant association and the BWHHS samples, despite being among the largest follow-up samples, showed only modest evidence for association (Table 2 ). These 2 studies yielded similar effect size estimates (0.053 for DGI and 0.079 for BWHHS) that were smaller than in the other studies (Table 2) . Differences in both populations and sample ascertainment could be contributing to the observed heterogeneity. When these 2 studies are not considered, the heterogeneity estimate is reduced (Q = 3.7; P = 0.45; I 2 = 0%; 95% CI = 0-77.6%) However, despite the variability in effect size, the direction of the effect was the same in all studies.
There are 2 biologically plausible candidate genes in the region identified by our association analyses that may affect glucose levels. Although rs560887, which is located in intron 3 of G6PC2 just 26 bp proximal to exon 4, showed the strongest evidence for association in the GWA studies, SNPs in LD with rs560887 and rs563694 that show similar levels of association with fasting glucose concentrations were located in intron 19 of ABCB11. ABCB11 is involved in ATP-dependent secretion of bile salts and is almost exclusively expressed in the liver. Mutations in ABCB11 have been shown to be associated with intrahepatic cholestasis (OMIM 603201) (38) and drug-induced hepatotoxicity (39, 41) . In antilipid drug trials, bile acid sequestrants have been shown to lower glucose concentrations and improve insulin sensitivity, presumably through reduction of triglyceride levels (42) . Based upon these observations, if ABCB11 were contributing significantly to variation in fasting glucose, one might expect to also see associations 
with lipids or insulin sensitivity. However, rs560887, rs563694, rs853789, and rs853787 were not associated with lipid measurements in a metaanalysis of FUSION stage 1 and SardiNIA samples (P > 0.16). Also, none of these SNPs were associated with minimal model-derived insulin sensitivity in FUSION samples (P > 0.30). Thus, our data do not support a role for ABCB11 in glucoregulation, and other evidence directly linking ABCB11 to regulation of glucose concentrations is scarce.
In contrast, G6PC2, the β cell-specific isoform of glucose-6-phosphatase is a highly relevant candidate gene for glucoregulation. The mouse homolog G6pc2 has been previously implicated as an autoantigen in the NOD mouse model of type 1 diabetes (43). Wang et al. recently generated G6pc2-null mice and noted that at 16 weeks of age, fasting glucose concentrations had decreased approximately 13% in both male and female G6pc2-null mice when compared with wild-type mice (44) . This modest decrease in glucose concentration was observed despite the absence of any differences in body weight, fasting insulin, or fasting glucagon concentrations. The characteristics of these G6pc2-null mice closely paralleled our observations that rs560887 and rs563694 were associated with modest changes in fasting glucose but not in BMI or fasting insulin, which are consistent with the hypothesis that presence of a C allele results in lower G6PC2 expression and therefore lower glucose concentrations. Interestingly, G6pc2 mRNA levels appear to increase with increasing glucose concentration in isolated mouse islets (36) .
Molecular cloning of G6pc2 identified 2 splice forms that differ by the presence or absence of exon 4 in BALB/C and ob/ob mice and in insulinoma tissue (45) . The longer cDNA including exon 4 has approximately 50% homology with glucose-6-phosphatase catalytic subunit (G6pc) across a variety of species including humans and is membrane bound in the endoplasmic reticulum (46) . The corresponding G6PC2 splice forms have been observed in human pancreas (47) . rs560887 is located in intron 3, just 26 bp proximal to exon 4, raising the possibility that this variant may play a role in whether the full-length transcript is formed.
G6PC hydrolyzes glucose-6-phosphate to form glucose and release a phosphate group. Despite its similarity to G6PC, G6PC2 is reported to have little to no hydrolase activity in humans (36, 37, 45, 46) . In normal and genetically obese mice, the splice form lacking exon 4 appears to be the most predominant observed in islets (45) and lacks sequences that may be critical for hydrolytic activity (45, 48) , suggesting the full-length form of G6pc2 may have implications for activity of G6pc2 and its potential role in glucoregulation. Greater hydrolase activity has been reported in cell lines overexpressing the full-length form of G6PC2 (36) . Also, in islets from streptozotocin-treated mice, glucose cycling, an indicator of G6pc2 activity, was approximately 3-fold higher compared with islets from untreated mice (49) , and even greater increases were observed in islets from ob/ob mice (50, 51). The conversion of glucose to glucose-6-phosphate is the critical step in stimulus-secretion coupling for insulin secretion. Variation in G6PC2 may increase glucose cycling in β cells, resulting in altered generation of ATP, which would have implications for insulin secretion. In addition, G6PC2-induced alterations in β cell glucose metabolism would also have downstream effects on phosphoinositide 3-kinase activity, which regulates pancreas duodenum homeobox-1 (PDX1) binding to the insulin gene and subsequent insulin gene transcription (52) .
The possible role for G6PC2 in altering glucose concentrations raises the question of whether this gene also confers susceptibility to T2DM. We observed no association between fasting glucose and rs563694 and rs560887 in individuals with T2DM from the FUSION, DGI, and METSIM studies (P > 0.50). However, the analysis of fasting glucose concentration in individuals with T2DM is confounded by diabetes pathology, treatment, and differential response to therapy. Therefore the lack of association with fasting glucose in individuals with T2DM does not preclude G6PC2 as contributing to susceptibility to T2DM. Similarly, when we tested these SNPs for association with T2DM in the FUSION, DGI, and METSIM samples, we observed no evidence for association (P > 0.08). Further, the modest effect on glucose concentrations observed in our analysis of nondiabetic individuals suggests we may lack sufficient power to detect association with T2DM. Whereas the cumulative evidence would suggest that G6PC2 may regulate fasting glucose concentrations and does not contribute significantly to susceptibility to T2DM, larger studies may be required to elucidate the role of this gene in T2DM susceptibility.
Variation in the promoter region of glucokinase (GCK, rs1799884) has been shown to be associated with fasting glucose and impaired insulin secretion (53) (54) (55) and may play a role in altering birth weight (56) . These initial findings were confirmed in a comprehensive metaanalysis performed by Weedon et al., demonstrating that rs1799884 was associated with fasting glucose (meta P = 1.0 × 10 -9 ) and that the presence of a maternal A allele for rs1799884 was associated with increased birth weight of the child (P = 0.02) (25) . GCK, an enzyme that works counter to G6PC2, converts glucose to glucose-6-phosphate, forming the critical step in secretion-stimulus coupling in pancreatic β cells. In addition, the recent GWA study from the DGI identified variation in glucokinase regulatory protein (GCKR) (rs780094) to be associated with triglyceride levels (13) . GCKR is an allosteric regulator of GCK in both liver and pancreatic islets whose inhibitory effect is enhanced by fructose-6-phosphate and suppressed by fructose-1-phosphate (57). We found modest evidence for association between fasting glucose and rs1799884 (FUSION stage 1, P = 1.6 × 10 -2 ; SardiNIA, P = 2.0 × 10 -3 ; meta P = 1.1 × 10 -4 ) and no evidence for association between fasting glucose and rs780094 (FUSION stage 1, P = 0.44; SardiNIA, P = 0.11; meta P = 0.077). While these results provide evidence for association between variation in GCK and fasting glucose but not between GCKR and fasting glucose in our studies, we cannot exclude the possibility that a complex interaction among GCK, GCKR, and G6PC2 may regulate fasting glucose levels. This will require further study.
In conclusion, we used GWA to identify variation in both ABCB11 and G6PC2 as genes that potentially contribute to variation in fasting glucose concentrations in nondiabetic subjects of mixed European descent. There is more literature with data supporting a role for G6PC2, but in the absence of functional data, we cannot discount the possibility that ABCB11 may also contribute significantly to variation in fasting glucose concentration. Heritability for fasting glucose has been estimated to be 25%-40% (19) (20) (21) (22) (23) (24) , yet the variants we identified account for approximately 1% of the variance in fasting glucose, indicating that the majority of the variability in fasting glucose remains unexplained. The remaining variability is likely due to the effects of additional common genetic variants of modest effect, less common genetic variants of moderate effect, and a variety of gene-gene and gene-environmental interaction effects. It should also be noted that the magnitude of the effect observed in our study is consistent with other reports of quantitative trait associations (58) (59) (60) .
Additional studies, likely with larger sample sizes, will be required to identify additional genetic variants contributing to variation in fasting glucose. The variants identified in our study are not likely to be functional, but in LD with the functional variant(s). Additional fine mapping, sequencing, and functional studies will be required to define the molecular mechanisms underlying our observed association.
Methods
The FUSION and SardiNIA study samples and GWA genotyping have been described in detail (14, 24, (26) (27) (28) . Here, we briefly review the study cohorts and genotyping methods. We also describe briefly each of the 7 follow-up samples. Subject demographics and basic clinical characteristics for individuals genotyped for rs563694 for each sample are described below and summarized in Table 1 . All protocols were approved by the institutional review boards or research ethics committees at the respective institutions, and informed consent was obtained from all subjects.
FUSION GWA study. The goal of the FUSION study is to identify genetic variants that predispose to T2DM or that determine the variability in T2DM-related quantitative traits. The study began as an affected siblingpair family study (26, 27) , later augmented by large numbers of cases and controls for association analysis (14) . The FUSION GWA study was performed using a 2-stage case-control design (14) . Cases and controls were approximately frequency matched on 5-year age category, sex, and birth province. All stage 1 DNA samples were genotyped using the Illumina HumanHap300 BeadChip version 1.0, resulting in data on 315,635 SNPs that passed quality control filters (14) . Genotype data for an additional 2.09 million SNPs were estimated using an imputation procedure (61) . The genotype imputation method uses stretches of chromosome shared between individuals genotyped at relatively low density in our studies and individuals genotyped in greater density by the International HapMap Consortium (61) to estimate the missing genotypes. Comparison of imputed and measured genotypes yielded estimated error rates of 1.46% (Illumina) to 2.14% (Affymetrix) per allele with an average concordance of 98.5%, consistent with expectations from HapMap data (61) . SNPs showing promising association with fasting plasma glucose in the stage 1 samples were genotyped in the stage 2 DNA samples by homogeneous MassEX-TEND reaction using the MassARRAY System (Sequenom) (14) . Because treatment for T2DM affects fasting glucose concentrations, all analyses in this report were restricted to nondiabetic subjects. Diabetes status was confirmed by WHO criteria (62) or confirmation of treatment for diabetes by medical record review. Fasting plasma glucose concentrations were available for 1,233 stage 1 and 655 stage 2 samples. Additional FUSION samples included nondiabetic spouses or offspring from FUSION stage 1 families; fasting plasma glucose data were available for 578 individuals. These 578 samples were genotyped using the Applied Biosystems TaqMan allelic discrimination assays (63) and yielded 522 samples with both genotype and fasting glucose data. These samples were integrated into the FUSION stage 1 samples and independently analyzed to assess whether the additional family members improved the evidence for association. We have denoted this analysis FUSION 1 families.
SardiNIA GWA study. The SardiNIA study is a longitudinal study of agingrelated quantitative traits and comprises a cohort of 6,148 individuals 14 years or older recruited from 4 towns in the Lanusei Valley in Sardinia. Data from 4,350 individuals with fasting serum glucose measurements from this cohort were used for the GWA study; 3,331 were genotyped using the Affymetrix 10K SNP Mapping Array, and an additional 1,412 were genotyped using the Affymetrix 500K SNP Mapping Array (28) . 356,359 SNPs passed quality control and were tested for association with fasting serum glucose. We first used the genotyped SNPs in the 1,412 individuals to estimate genotypes for all the polymorphic SNPs genotyped by the HapMap Consortium. Taking advantage of the relatedness among individuals in the SardiNIA sample, we then conducted a second round of computational analysis to impute genotypes for analysis in the 2,938 individuals not genotyped with the 500K SNP Array. In this second round, we identified large stretches of chromosome shared within each family and probabilistically "filled-in" genotypes within each stretch whenever 1 or more of its carriers was genotyped with the 500K Array Set (64, 65) . For these analyses, 37 non-Sardinians and 281 of their family members (n = 318) and 177 individuals with known diabetes were excluded from the analysis, resulting in a final sample size of 3,855.
Follow-up samples. The initial association identified in the metaanalysis of the FUSION and SardiNIA GWA studies was also tested in a series of follow-up samples (Table 1 ), 1 from FUSION described above and 6 others, which are described briefly below.
DGI. The DGI case-control GWA sample consists of 1,464 cases with T2DM and 1,467 normoglycemic controls from Finland and Sweden and has been previously described in detail (13) . Fasting glucose measurements were available for 1,455 nondiabetic control subjects (1,305 unrelated subjects and 150 siblings). Among these, fasting plasma glucose was measured in 537 subjects and fasting whole blood glucose was measured in 918 subjects. Whole-blood glucose concentrations were converted to equivalent plasma values using a conversion factor of 1.13 (66) . All samples were genotyped using the Affymetrix GeneChip Human Mapping 500K Array set; results of GWA of 389,878 SNPs with fasting glucose levels (including SNP rs563694) are publicly available at www.broad.mit.edu/diabetes/scandinavs/index. html. 1,411 individuals were available with both rs563694 genotype and fasting glucose data.
Old Order Amish subjects. The Old Order Amish study participants reported here were 1,655 nondiabetic subjects from Lancaster, Pennsylvania, USA, for whom fasting plasma glucose measurements were available. These subjects were enrolled in ongoing family studies of complex diseases and traits (29) (30) (31) . Genotyping for rs563694 was performed using the TaqMan allelic discrimination assay (63) .
METSIM study. Subjects were selected from the ongoing METSIM study, which includes 7,000 men, aged 50 to 70 years, randomly selected from the population of the town of Kuopio, Eastern Finland, Finland (population 95,000). The present analysis is based on the first 4,386 nondiabetic subjects examined for METSIM with available fasting plasma glucose values. Genotyping was performed using the TaqMan allelic discrimination assay (63) .
Caerphilly study. The Caerphilly study is a cohort study of white, European men (n = 1,069; 97.4% born in the United Kingdom), aged 45-59 years at entry in 1979-1983 (32) , recruited from the town of Caerphilly, United Kingdom, and 5 adjacent villages. Men were selected using the electoral role and general practitioner records. DNA and fasting plasma glucose measurements used in this study relate to the first phase of data collection.
BWHHS. The BWHHS consists of female participants, aged 60 to 79 years and recruited between April 1999 and March 2001. Initially, 4,286 women were randomly selected from 23 British towns and were interviewed and clinically examined. They also completed medical questionnaires (33) .
Genotyping for the Caerphilly study and BWHHS was performed by KBioscience using their fluorescence-based competitive allele-specific PCR (KASPar) technology.
The Inter99 Study. rs563694 was genotyped in 5,734 Danes for whom fasting plasma glucose values were available. This sample comprises part of the population-based Inter99 sample of middle-aged people sampled at Research Centre for Prevention and Health (Glostrup, Denmark; refs. 34, 35). Genotyping was performed using TaqMan allelic discrimination (KBioscience).
Statistics. Association between fasting glucose and genotypes in the FUSION and SardiNIA studies was carried out using a regression framework in which regression coefficients were estimated in the context of a variance component model to account for relatedness among individuals (65) . For FUSION samples, plasma glucose concentration was adjusted for sex, age, age 2 , birth province, and study group. Analyses were carried out in nondiabetic individuals excluding those known to be taking medications that directly affect glucose concentration. Similarly, SardiNIA serum glucose values were adjusted for sex, age, and age 2 . Because diabetes-based exclusions were based only on medical records and SardiNIA only measured fasting serum glucose, a small number of undiagnosed new-onset diabetes cases may have been included in the analysis. For both studies, analyses were repeated including BMI as an additional covariate to assess whether adiposity significantly contributed to the evidence for association. Covariate-adjusted trait values were transformed to approximate univariate normality by applying an inverse normal scores transformation; the scores were ranked, ranks were transformed into quantiles, and quantiles were converted to normal deviates.
A weighted z score-based fixed effects metaanalysis method was used to combine results from the FUSION and SardiNIA studies. In brief, for each SNP, a reference allele was identified and a z statistic summarizing the magnitude of the P value for association and direction of effect was generated for each study. An overall z statistic was then computed as a weighted average of the individual statistics, and a corresponding P value for that statistic was computed. The weights were proportional to the square root of the number of individuals in each study and scaled such that the squared weights summed to 1. For the metaanalysis of the effect size, the inverse variance was used as weights for each study. For the FUSION 1 families (FUSION stage 1 plus additional FUSION spouses and offspring) a regression-based analysis under a variance components framework was used to appropriately account for relationships among individuals (65) . Because we did not have birth province information for the additional spouses and offspring, these analyses were carried out adjusting for age, age 2 , sex, and study group only.
Given the different sampling schemes, statistical analyses for the followup samples varied by study. The Old Order Amish samples consisted of large Amish pedigrees, so the evidence for association between genotype and fasting plasma glucose was evaluated using variance components analysis implemented in SOLAR to adjust for the relatedness of study subjects (67, 68) . Plasma glucose levels were natural logarithm transformed for analysis, and covariates included sex, age, and age 2 . For the DGI study, glucose values were converted to z scores separately by sex, and tests for association were carried out using a regression framework with age and log(BMI) included as covariates; genomic control was applied to account for relatedness (13) . For the METSIM study, analyses were carried out identically as in FUSION, with the exception that birth province was not included as a covariate. For the Caerphilly and BWHHS studies, association was assessed using a regression framework with age, age 2 , and BMI as covariates. For the Inter99 study, association was assessed using a regression framework with age and sex as covariates. Individuals with known diabetes at the time of examination were excluded from the analyses. Results from all followup studies were combined in a metaanalysis as described above. Finally, a metaanalysis that combined results from all GWA and follow-up studies was performed as described above. The views expressed in this paper are those of the authors and not necessarily those of any funding body or others whose support is acknowledged. Those providing funding had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.
